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In this letter, we report on successful electrical spin injection and detection in n-type germanium-on-insulator
(GOI) using a Co/Py/Al2O3 spin injector and 3-terminal non-local measurements. We observe an enhanced
spin accumulation signal of the order of 1 meV consistent with the sequential tunneling process via interface
states in the vicinity of the Al2O3/Ge interface. This spin signal is further observable up to 220 K. Moreover,
the presence of a strong inverted Hanle effect points at the influence of random fields arising from interface
roughness on the injected spins.
Semiconductor devices like spin-FETs based on spin
currents are highly desirable because of their high
performance, increased functionality and low power
consumption1,2. Recently germanium is gaining huge in-
terest in semiconductor-spintronics industry due to its
large spin-diffusion length attributed to the inversion
symmetric crystal structure and high carrier mobility3.
In order to obtain spin-based devices, electrical spin in-
jection and detection are the key factors to be considered.
The successful demonstration of electrical spin injection
and detection have been shown in Si4–7 and GaAs8 but
little advance has been done in the case of germanium
yet. Liu et al. demonstrated electrical spin injection
in Ge nanowires using Co/MgO contacts and reported
a spin diffusion length of more than 100 µm at 4.5 K9.
Zhou et al. reported electrical spin injection and detec-
tion in bulk Ge using epitaxially grown Fe/MgO on n-Ge
in 4-contact non-local geometry and found spin lifetimes
as long as 1 ns at 4 K10. Recently Saito et al. reported
on electrical spin injection and detection in p-type ger-
manium also using Fe/MgO11. In this letter we demon-
strate the electrical spin injection and detection in n-
type germanium using Al2O3 tunnel barrier in 3-terminal
geometry7,12,13. The enhanced spin accumulation signal
(∆V=0.5 mV) as compared to theoretical predictions is
strong indication that spin accumulation rather occurs
on localized states at the Al2O3/Ge interface. Finally
we study the effect of interface roughness on the spin po-
larization. The experiments presented here were carried
out on doped germanium-on-insulator substrates (GOI).
These substrates were fabricated using the Smart CutTM
process and Ge epitaxial wafers14. The transferred 40
nm-thick Ge film was n-type doped in two steps: a first
step (phosphorus, 3x1013 cm−2, 40 keV, annealed for 1h
at 550◦C) that provided uniform doping in the range of
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1018 cm−3 (resistivity ρ=10 mΩ.cm), and a second step
(phosphorus, 2x1014 cm−2, 3 keV, annealed for 10 s at
550◦C) that increased surface n+ doping to the vicin-
ity of 1019cm−3. The thickness of the n+-doped layer
is estimated to be 10 nm. The surface of the GOI was
finally capped with amorphous SiO2 to prevent surface
oxidation.
FIG. 1. (a) Schematic drawing of the three-terminal device
used for electrical spin injection and detection in germanium.
Magnetic field is applied either along y (in-plane geometry)
or along z (out-of-plane geometry). (b) I − V characteristics
of the Pt/Co/NiFe/Al2O3 tunnel contact at various temper-
atures. Inset: temperature dependence of the tunnel contact
RA product (I=0.5 µA).
In Ge, there is a strong Fermi-level pinning close to
the valence band edge which leads to high Schottky bar-
rier height (SBH=0.6 eV) of the order of the bandgap it-
self and large depletion width for metal/n-Ge interface15.
By inserting a thin Al2O3 layer, we drastically reduce
the SBH below 0.3 eV16. In our specific case, the n+
surface doping layer sharply reduces the thickness of the
Schottky barrier with the result that the tunneling trans-
parency is enhanced. The GOI substrates were treated
with hydrofluoric solution to remove the SiO2 capping
layer and introduced in the sputtering machine. Alu-
minium layer of 1.6 nm was grown and treated with oxy-
gen plasma to form alumina barrier. Then stack of 5 nm
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2permalloy, 20 nm Co and 10 nm Pt was grown in or-
der to have in-plane anisotropy with coercive field of 10
Oe. The insertion of alumina layer alleviates the Fermi
level pinning and acts as tunnel barrier for efficient spin
injection17. The sample was processed using standard op-
tical lithography and dry etching to have 150×400 µm2
magnetic electrodes. Finally ohmic contacts of Ti/Au
with dimensions 300×400 µm2 were deposited to form
three-terminal geometry. The schematic diagram of the
structure is shown in Fig. 1a. Fig. 1b displays the I −V
characteristics between the tunnel contact B and one
ohmic contact. The behavior is highly non-linear show-
ing up a tunneling-like transmission and only slightly de-
pendent on temperature. In the inset of Fig. 1b, we
indeed find: R(10K)/R(300K) ≈8 for a DC current of
0.5 µA. This proves that the tunneling process through
the thick Al2O3 barrier is the dominant mechanism for
the transport. This is made possible by the specific shape
of the Schottky barrier in Ge, thin enough to allow a tun-
neling transmission through it and low enough to limit
its own resistance. Nevertheless one cannot rule out its
role on a possible confinement effect for spins injected at
the direct Al2O3/Ge interface. In the whole temperature
range, the RA product exceeds the minimum interface re-
sistance threshold required for spin injection into Ge18:
(ρl2sf )/w ≈10 kΩ.µm2 where w=30 nm is the thickness
of the channel and where lsf was taken to be of the or-
der of 1 µm10. For non-local 3-terminal measurements,
a constant current I was passed between contacts A and
B and a voltage VBC was measured between contacts
B and C as a function of the external field Bext. Bext
is either out-of-plane along z (Hanle effect) or in-plane
along y (inverted Hanle effect). For I > 0 (resp. I < 0),
electrons are injected in (resp. extracted from) the Ge
film.
Fig. 2a and 2b display Hanle curves in the low and
high field regimes respectively. Measurements were car-
ried out at 10 K for two different DC currents: -10 µA
(V=-0.217 V) and -20 µA (V=-0.274 V). We observe a
voltage drop VBC of 0.1 mV, hence providing evidence
of spin accumulation and then spin injection in Ge. As a
first approximation the Hanle curves can be described, at
least for localized electrons, by a Lorentzian shape given
by ∆V = ∆Vo/(1 + (ωLτsf )
2) where τsf is the spin life-
time and ωL is the Larmor frequency (ωL = gµBBz/~,
where g is the Lande´ factor (g=1.6 for Ge19) and µB is
the Bohr magneton. After fitting the Hanle curve, we get
a spin lifetime of 35 ps which is much shorter than 1 ns
reported by Zhou et al. in n-type Ge at 4 K10. This may
be explained by the local random magnetostatic fields
Bms arising from finite interface roughness that severely
reduce the spin accumulation. This phenomenon was re-
cently observed in Si and GaAs and verified by inverted
Hanle effect20.
For inverted Hanle effect measurements, an external
field Bext is applied in-plane along the magnetization di-
rection to enhance the component of the effective field
along the direction of the injected spins. The spin pre-
FIG. 2. (a) low field and (b) high field dependence of the spin
signal for two different bias currents -10 µA (-217 mV) and -20
µA (-274 mV) showing both Hanle (out-of-plane) and inverted
Hanle (in-plane) effects. Measurements were performed at 10
K. Black solid lines in (a) are Lorentzian fits. (c), (d) Com-
parison between experimental (open symbols) and calculated
(solid lines) spin signals for in-plane and out-of-plane config-
urations at -10 µA and -20 µA. Data were normalized to the
maximum value.
cession and decoherence are then gradually suppressed
and the signal increases (in-plane curves in Fig. 2). At
high fields, both Hanle and inverted Hanle curves sat-
urate and perfectly coincide above the cobalt demagne-
tizing field of 1.8 T. The total spin signal is thus the
difference between the maximum in-plane and minimum
out-of-plane values, we obtain: ∆V=0.5 mV at 10 K
and -20 µA. Note that the minimum out-of-plane value
may not necessarily coincide with the total loss of spin
accumulation since the magnetic moment of the elec-
trode starts to align along the applied field when reach-
ing a fraction of the demagnetizing field. Hence the total
spin signal we measure represents a lower bound. In 3-
terminal measurements, ∆V=γ∆µ/2|e| where e is the
electron charge, γ=0.3 is the spin transmission coeffi-
cient through the alumina barrier7 and ∆µ=µ↑ − µ↓ is
the difference of electrochemical potentials for spin up
(↑) and spin down (↓). The spin resistance-area product
Rs.A = (∆V/I).A = γ
2ρl2sf/w ≈1500 kΩ.µm2 where A
is the FM contact area is almost 4 orders of magnitude
larger than the one expected by considering the spin dif-
fusion length (lsf=1 µm) reported by Zhou et al. in
n-type Ge at 4 K10. This is a strong indication that spin
injection through localized states (e.g. P donors in the
depletion layer or surface states at the Al2O3/Ge inter-
face) is at play13. In order to estimate Bms, we have per-
formed atomic force microscopy (AFM) measurements on
GOI wafers after alumina deposition. We indeed found a
RMS roughness of 0.4 nm with a correlation length of the
3FIG. 3. (a),(b) Bias dependence of the spin signal and of the
half width at half maximum (HWHM) at 10 K for both in-
plane and out-of-plane geometries. The inset in (a) shows the
bias dependence of the spin resistance-area product Rs.A in
kΩ.µm2. Dashed lines are guides for the eye. (c) Tempera-
ture dependence of inverted Hanle effect for two different bias
currents -10 µA (-217 mV) and -20 µA (-274 mV). Spin sig-
nal is still observable at 220 K. The inset shows the inverted
Hanle signal measured for a bias current of -20 µA (-274 mV)
at various temperatures. (d) Temperature dependence of the
HWHM of Hanle curves for -10 µA (-217 mV) and -20 µA
(-274 mV) bias currents.
order of 45 nm. Then we have considered a regular array
of magnetic charges with a period of 45 nm and calculated
the three components (Bmsx ,B
ms
y ,B
ms
z ) of the magneto-
static field acting on injected spins. Spin dynamics has
been computed by considering only spin precession and
relaxation. Spin drift and diffusion were neglected as dis-
cussed in Ref.20. The results are shown in Fig. 2c and 2d
where the spin component along the FM magnetization
is plotted as a function of in-plane and out-of-plane ex-
ternal fields. The following parameters were used: τsf=1
ns10 (note that any spin lifetime longer than 1 ns leads to
the same results) and µ0Ms=0.9 T. Moreover we found
the best agreement with experimental curves at a depth
of 6 nm away from the FM/Al2O3 interface i.e. 3-4 nm
deep in the Ge layer. The agreement with inverted Hanle
effect is very good whereas for Hanle measurements the
spin signal seems not to reach its minimum value prob-
ably because the FM magnetization starts to rotate out-
of-plane at low field as discussed previously. We finally
studied the evolution of spin signals as a function of DC
current and temperature. As shown in Fig. 3a, in-plane
and out-of-plane signals are almost symmetric with re-
spect to zero bias except a factor 2 between spin injec-
tion and spin extraction regimes. In the inset of Fig.
3a, the spin resistance-area product Rs.A is displayed
(in logarihmic scale) as a function of the bias voltage. It
clearly decreases exponentially for positive and negative
bias voltage. However the slopes are different and this
effect may be explained by the asymmetric modulation
of the depletion width and then Schottky resistance with
the bias. This bias dependence seems to indicate that a
low density of interfacial states is likely to form a band
extending in the whole Ge bandgap. The low 2-D density
of states associated to such interfacial states should then
give rise to a correlated high Rs.A value as observed ex-
perimentally. In Fig. 3c, the spin signal decreases almost
linearly with temperature. This behavior has already
been observed by Li et al. in silicon12 and the origin of
this linear variation is still under investigation but could
be related to the leakage of the Schottky resistance as a
function of temperature. Most remarkable is that we still
observe spin signal up to 220 K. On the other hand, in
Fig. 3b and 3d we can notice that the HWHM of Hanle
and inverted Hanle curves is almost constant with DC
current and temperature. This behavior clearly supports
our assertion that the Hanle curve broadening leading to
an underestimation of spin lifetime and inverted Hanle ef-
fect are not due to intrinsic spin relaxation mechanisms
but rather to random magnetostatic fields arising from
interface roughness. Nevertheless one cannot totally rule
out possible spin decoherence through hyperfine interac-
tion with localized nuclear spins on Ge atoms.
To summarize, we have successfully created and detected
spin accumulation in n-type Ge. The enhanced spin sig-
nal as compared to theoretical values seems to indicate
that spin accumulation actually occurs on localized states
close to the Al2O3/Ge interface. Moreover the under-
estimated spin lifetime and the observation of inverted
Hanle effect are consistent with spin dephasing due to
random magnetostatic fields arising from interface rough-
ness. This is further supported by the constant HWHM
of Hanle and inverted Hanle curves with DC current and
temperature. Finally this spin accumulation signal could
be detected up to 220 K.
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